The Superconducting Submillimeter-Wave Limb-Emission Sounder 2 (SMILES-2) is a satellite mission that will be proposed to the Japan Aerospace Exploration Agency (JAXA) for a launch after 2023. It will scan the atmospheric limb from the lower stratosphere to the lower thermosphere for retrieving the profiles of temperature between 15 and 160 km, horizontal wind vector (30− 160 km), ground state atomic oxygen (90−160 km), and dynamical tracers and ozone-chemistry related species (15−110 km). SMILES-2 is designed to fit the JAXA small satellite and will be equipped with two antennas, three GHz-channel receivers, and one THz receiver. Each receiver has a superconducting device on the front end cooled by a mechanical cryocooler, which is an established technology. Highly sensitive limb observation owing to the superconducting technology has great advantages of satisfactorily measuring all the altitude profiles in a short time of less than 1 min, and of retrieving the main products with sufficient precision on a single profile. Hence, a wind vector profile can be obtained with a precision better than 10 m s
Introduction
Atmospheric studies require precision observations of the stratosphere, mesosphere, and lower thermosphere. These regions are sensitive to natural and anthropogenic perturbations from the surface and lower altitudes, and to the polar energetic inputs from the space environment above. The region also affects the lower and upper atmosphere. It is commonly recognized that the skill of tropospheric weather forecast on weekly to monthly time scales is improved by extending the top of numerical weather prediction models to the mesosphere (Roff et al. 2011) . However, the predictability of stratospheric and mesospheric events (e.g., sudden stratospheric warming or quasi-biennial oscillation) that have an impact on the tropospheric state is still limited (Baldwin et al. 2010; Tripathi et al. 2015) . In addition, the stratosphere and mesosphere strongly affect the upper atmosphere. The thermospheric dynamics and ionospheric state depend on upward-propagating gravity and planetary waves, and tides, which are modulated and filtered by the middle-atmospheric mean flow (Miyoshi et al. 2014 (Miyoshi et al. , 2015 . To assess these issues, there is a great need for global atmospheric measurements over the whole atmosphere, particularly of the wind vector and temperature.
In the stratosphere and mesosphere, temperature is measured by operational nadir microwave and infrared sounders but with poor vertical resolution (Swadley et al. 2008) . Limb sounders provide temperature with better vertical resolution, but few instruments are currently in operation (Murtagh et al. 2002; Remsberg et al. 2008; Schwartz et al. 2008) . There is no satellite instrument that can provide wind data over the entire altitude range of the middle atmosphere. Airglow from atomic and molecular oxygen or OH is used for wind measurements in the lower thermosphere from space (Shepherd 2015) . The Michelson Interferometer for Global High resolution imaging of the Thermosphere and Ionosphere (MIGHTI) on the Ionospheric Connection Explorer (ICON) to be launched in November 2017 will retrieve the horizontal wind vector from the Doppler shift of the atomic oxygen lines at 557.7 nm and 630.0 nm in altitude ranges of 90−300 km during daytime and 90−105 km and 200−300 km during nighttime (UC Regents 2017; Englert 2017) . This technique has difficulties in observing twilight periods and high-latitude regions where aurora can occur.
Millimeter and submillimeter (SMM) wave limb sounding has been used successfully for measuring temperature and various chemical species (Waters et al. 1993; Murtagh et al. 2002; Waters et al. 2006; Kikuchi et al. 2010) . Unlike the shorter wavelengths, SMM lines are not affected by nonlocal thermodynamic equilibrium. Also, their large potential for global wind measurements in the stratosphere, mesosphere, and lower thermosphere has been demonstrated using the Doppler shifts of the 118.75 GHz O 2 line measured by the Microwave Limb Sounder (MLS) ) and the O 3 and HCl lines near 625 GHz measured by the Superconducting Submillimeter-Wave Limb-Emission Sounder (SMILES) (Baron et al. 2013a ).
There are two bright thermal emission lines of atomic oxygen at 2.06 and 4.7 THz in the thermosphere (Wu et al. 2016) . This atom controls the radiative equilibrium and is important for the chemistry. Its spectral lines allow us to retrieve the wind vector along with temperature and atomic oxygen concentration. Unlike current observations using optical techniques (Mlynczak et al. 2013; Shepherd 2015) , THz thermal line observation can be performed at any local time and during aurora, providing direct information on the atomic oxygen in the ground electronic state.
Small satellite concepts have been proposed in Sweden for measuring wind, temperature, and molecules in the stratosphere with a 650 GHz Schottky receiver cooled to 100 K (Murtagh 2016) , and in the US for lower thermospheric observations with a 2.06 THz receiver (Wu et al. 2016 
Band selection
The spectral bands have been defined with the three following objectives in mind : (1) optimization of the wind and temperature measurements, (2) measurement of the ground electronic state of atomic oxygen in the lower thermosphere, and (3) maximizing the number of dynamical tracers and providing a comprehensive description of the chemical families.
The spectral bands and their products are summarized in Table 1 .
Wind and temperature will be derived from strong lines emitted by O 2 , O 3 , and H 2 O in the stratosphere and mesosphere, and by atomic oxygen in the lower thermopshere. The first SIS band (SIS1) contains the strong O 2 line at 487 GHz, the second one (SIS2) contains the strong H 2 O line at 557 GHz, and SIS3 includes measurements (launches planned around 2020).
In Japan, the second generation of SMILES, SMILES-2, is being studied for measuring the whole vertical range of 15−180 km with low noise. The mission will use two antennas for retrieving the wind vector and superconducting receivers cooled to 4 K to achieve a high sensitivity. It will be proposed to the Japan Aerospace Exploration Agency (JAXA) small satellite program that uses the Epsilon rocket (a launch every two years). The goal for the launch of the mission is 2023.
In this paper, we describe the SMILES-2 instrument, the observation strategy, and simulated retrieval performances for temperature, wind, and the main molecules.
SMILES-2 instrument

Instrument overview
A schematic view of the SMILES-2 instrument is shown in Fig. 1 . The atmospheric submillimeter signal collected by the antenna is fed into the cryostat, in where the receiver front end is contained, via a single window and split into 3 superconductorinsulator-superconductor (SIS) tunnel junction mixers and one hot electron bolometer (HEB) mixer. We have defined three bands to be measured with the SIS mixers and two bands near 2 THz for the HEB mixer ( Table 1 ). The frequency of the local oscillator for the HEB mixer is tunable for receiving either HEB1 or HEB2. All the mixers operate in the double sideband mode in order to maximize the number of spectral lines so that the precision of the wind measurement is improved and a large number of molecules are measured. Each SIS and HEB mixer is followed by an intermediate frequency chain, which ends in one of the four digital spectrometers. Fig. 2) , each band also contains a large number of weaker lines, allowing us to retrieve various species (e.g., HCl, ClO, BrO, NO, and HNO 3 ).
The group of strong O 3 lines near 655 GHz (Fig. 2) provides the best sensitivity to wind measurement between 25 and 70 km in comparison with any other bands below 800 GHz (Baron et al. 2013b) . Baron et al. (2013b) also show that 25−30 km is the lowest altitude for good wind measurement with the currently achievable heterodyne receiver bandwidth.
The H 2 O line at 557 GHz is the most intense line below 1 THz. It is coupled with a relatively strong CO line in the image band (576 GHz). The CO and H 2 O lines are a promising combination for inferring the physical properties of the upper mesosphere and lower thermosphere (70−120 km) (Forkman et al. 2005) .
The band HEB1 is dedicated to the measurement of OH at 1.8 THz , a key observation for studying the chemistry in the upper stratosphere and mesosphere. The atomic oxygen line in band HEB2 is used to sense the lower thermosphere (90−160 km).
Receiver development
SMILES-2 is designed to fit the satellite specifications such as the power consumption, the mass (< 200 kg), the volume, and the center of mass position.
The SIS mixers and cryocooler technologies are based on those used for SMILES while new HEB receivers are being developed . The cryocooler of SMILES unfortunately stopped after 9 months from the start of operation on orbit, because the He closed cycle of Joule− Thomson (JT) cryocooler was clogged with solidified CO 2 contamination. An improved JT cryocooler will be used in SMILES-2, which was also used in ASTRO-H. A getter is mounted in the JT closed cycle to trap impurity molecules, low-outgassing materials are used in the JT compressors, and other improvements are adopted in the improved JT cryocooler (Narasaki et al. 2016) . The lifetime of the cryocooler is guaranteed to be 3 years based on a successful test with a ground model.
An increase in the number of receivers from SMILES, which was equipped with two SIS receivers, requires a larger cooling capacity and a larger size of cryostat than those of SMILES. The cryocooling system for this demand will consist of a 4-K JT cooler and a couple of two-stage Stirling coolers. We estimate the power consumption of the cryocooling system to be about 410 W, which exceeds 300 W permitted by the standard bus of the JAXA small satellite. To reduce the power consumption to the level of SMILES (286 W), the volume of the cryostat will be reduced using a waveguide multiplexer for receiving the three SIS bands simultaneously (Kojima et al. 2017) , allowing all cryogenic receivers to occupy a space similar to the SMILES cryostat. Other components have a small power consumption totalling about 50 W.
The total mass of the cryoreceivers, cryostat, cryocooler, and the electronics for the cryocooler is estimated to be around 105 kg. To keep the mass and the center of mass limitations, a low mass is required for other components; in particular, the large-aperture antennas need to have a low mass. For this purpose, a mirror made of a carbon-fiber-reinforced plastic sandwich panel coated with plasma-sprayed aluminum is under development.
Vertical and horizontal sampling processes
A circular orbit at 550 km altitude and 66° inclination has been chosen to be able to cover high latitudes with precessing orbits, typically 50°S−80°N if the pointing direction is on the left side of the satellite velocity. A full diurnal cycle can be reconstructed at each latitude with 3 months of observations.
The two offset Cassegrain antennas will point at orthogonal limb directions, approximately 45° and 135° from the spacecraft velocity. By slightly rotating the satellite around the velocity axis, the limb is vertically scanned from 15 to 190 km. Hence, the same air mass will be scanned from 2 perpendicular horizontal directions with an 8 min difference, allowing us to reconstruct the horizontal wind vector. Figure 3 depicts an example of tangent points observed from the ascending orbit with antennas oriented toward the left side of the spacecraft velocity. The forward-directed antenna (45°) observes during the upward limb scan, followed by a cold-sky measurement. The aft-directed antenna (135°) observes during the downward limb scan, and then the hot calibration target is sampled. This sequence is repeated every 104 s. The horizontal sampling along the track is about 670 km.
Measurement performance
Simulation setting
The retrieval precision is estimated from the linear mapping of the measurement thermal noise onto the retrieved parameter space . They are calculated for a single vertical scan and with a vertical resolution of 3 km. However, for the OI line retrievals (HEB2), a vertical resolution of 5 km is used.
The impacts of atmospheric conditions on the measurement precision are investigated using a zonal mean climatology of the most relevant atmospheric parameters between 80°S and 80°N and for winter conditions (DJF 2009 (DJF /2010 . Details on the climatology are given in Baron et al. (2015) . Below 100 km, temperature, geopotential height, O 3 , H 2 O, CO, and HCl are taken from Aura/ MLS observations and the a priori used in their retrievals. For each latitude bin, two profiles are created at the MLS observation local times. To extend the MLS a priori profiles, atomic oxygen profiles between 0 and 200 km, as well as temperature and density profiles between 100 and 200 km, are taken from the Whole Atmosphere-Ionosphere Coupled Model (GAIA) at the same MLS local times.
Wind retrievals
Combining the information from the different receivers allows us to continuously derive the LOS wind from 25 to 160 km with a single-scan precision better than 20 m s −1 (Fig. 4a) . The best sensitivity is obtained between 40 and 90 km where the retrieval precision is better than 3 m s −1 (3 km vertical resolution), the highest precision being » 1 m s −1 near 50−60 km. This altitude range corresponds to a range where other observation techniques lack sensitivity (Shepherd 2015) . The key bands for the wind retrievals are SIS3 (655 GHz O 3 lines) below 70 km, and SIS2 (H 2 O line) and SIS1 (O 2 line) between 70 and 100 km. Good wind retrievals can also be derived from SIS1 between 30 and 70 km, which provides redundancy but with less precision than SIS3. More details are given in Baron et al. (2015) .
Between 100 and 150 km, the LOS wind is retrieved from the atomic oxygen line with an error between 5 and 10 m s −1 and a vertical resolution of 5 km. The precision depends on the latitude and has no significant diurnal change.
Uncertainties on spectroscopic parameters and radiance calibration introduce systematic errors in the retrievals. From SMILES, we learnt that calibration errors may induce a large bias below 35 km and special care has to be put on the radiance calibration algorithms to reduce such errors. The bias induced by errors in the spectroscopic parameters has been estimated for the SIS3 lines. A bias of 3−5 m s −1 is estimated between 70 and 90 km, mainly due to 10 kHz uncertainties assumed on the frequency of the H 2 O line (Fig. 2) . Between 45 and 70 km, the bias is small (< 1 m s −1 ) since a large number of lines contribute to the retrieval. The bias increases up to 40 m s −1 at 30 km due to the overlapping of O 3 lines near 655 GHz. However, a cross comparison with the retrievals from other lines should help us to significantly reduce this bias. The bias that does not change for a long time can also be mitigated by using the fact that the equatorial flow is predominantly zonal at these altitudes (Baron et al. 2013a) or comparing the retrievals with mid-latitude winds from meteorological analyses and reanalyses.
To correct the Doppler shifts due to the satellite velocity (» 5000 m s , the pointing angles have to be known to a precision of 0.3 mrad, a precision value larger than that required for the tangent height knowledge.
Temperature and molecule retrievals
Temperature is retrieved from the O 2 line (SIS1) as in previous missions (Murtagh et al. 2002 , Waters et al, 2006 . However, temperature will also be retrieved from the H 2 O line at 557 GHz (SIS2) and the O 3 lines at 655 GHz (SIS3) for a better precision above 30 km. The single-scan retrieval precision for 3 km vertical resolution is better than 1 K between 15 and 80 km (Fig. 4a) . In the lower thermosphere, temperature is retrieved from the atomic oxygen line. The single-scan retrieval error for the 5 km vertical resolution increases from 7 K at 110 km to 20 K near 160 km. Errors of the radiance calibration will be the main source of systematic bias.
The concentration of atomic oxygen in the ground electronic state will be measured with a precision better than 10% above 120 km, increasing to only 20−30% at the peak concentration near 100 km (Fig. 4b) . As it has been demonstrated with SMILES, molecular profiles will be measured with very high precision. Figure 4c shows the results of the O 3 , H 2 O, CO, and N 2 O retrievals with their uncertainty estimates between 15 and 100 km. The first three species can be measured with a precision better than 10% between 20 and 90 km.
Conclusions
SMILES-2 is a highly sensitive instrument, which, if realized, will provide geophysical parameters over the wide altitude range covering most of the atmosphere between 15 and 160 km. In particular, new products such as the horizontal wind vector and atomic oxygen in the ground electronic state can be derived.
Current hardware development focuses on the reduction of the cryocooler power consumption by improving the thermal conditions inside the cryostat. Several issues such as the choice of the spectrometer type and the antenna material are still open.
Further simulation studies will include a more complete error analysis to account for other retrieval error sources such as uncertainties on spectroscopic parameters and intensity calibration and to take into account the Zeeman splitting of O 2 and atomic oxygen lines. Assimilation experiments will be conducted in collaboration with a team in the Meteorological Research Institute. This will allow us to assess the impacts of the wind measurements on the modeling of the middle atmosphere and to estimate the potential of SMILES-2 for improving long-term (> 2 weeks) weather forecasts.
